After partial hepatectomy of rat liver, there is always a prereplicative period of about 18 hr tiefore activation of DNA replication in the remnant lobes of the liver. To enter the S period, various biochemical steps in the replicative process must occur in the remnant part of the liver. Activation of RNA (1) (2) (3) (4) and protein synthesis (5-7) appear to be necessary for the regenerative process which Tjegins soon after partial hepatectomy. How-•ever, these phenomena are not very sensitive parameters for recognition of the beginning of hepatic regeneration.
An attempt was made in our laboratory to see whether hepatic regeneration could be observed in vitro using isolated, perfused regenerating liver (8) .
However, perfusion could not be continued for more than 12 hr, 1 This study was supported in part by a grant from the Ministry of Education for Cancer Research and a grant from the Mishima Kaiun Foundation. 3 Present address: Pharmacological Research Laboratory, Tanabe Seiyaku Co., Ltd., Toda, Saitama 335. so no DNA synthesis was observed in this system. Therefore, the hepatic lobes remaining after partial hepatectomy were examined to see if any sensitive and specific parameters of hepatic regeneration could be detected before the beginning of DNA replication.
Ornithine decarboxylase [EC 4.1.1.17], which catalyzes the first step of polyamine synthesis, is known to be induced by various hormones or by rapid cellular growth, such as that in hepatic regeneration (9) . IMP dehydrogenase [IMP: NAD + oxidoreductase, EC 1.2.1.14] (NAD + )-dependent conversion of IMP to xanthine 5'-monophosphate (XMP) represents the unique first reaction in the de novo synthesis of GMP from IMP. The activities of these two enzymes are. known to increase in the early prereplicative period of regeneration (9, 10) .
On the other hand, thymidine kinase [EC 2.7.1. 75] begins to be induced about 18-20 hr after partial hepatectomy (77) and its induction is followed by DNA synthesis. Thus, increase in thymidine kinase activity may mean Vol. 77, No. 3, 1975 that the cells are entering the S period from the d period. At the time of transition from the Gi to the S period, there is also a temporary rise in the intracellular level of cyclic AMP (12) with a simultaneous decrease in the activity of cyclic AMP phosphodiesterase (low K m ) [EC 3.1.4.17] .
This paper reports studies on the sequential changes in the activities of ornithine decarboxylase and inosinic acid dehydrogenase in the early period of hepatic regeneration and •also on the activation of thymidine kinase and decrease in cyclic-AMP phosphodiesterase activity during the late stadium of the d period in regenerating rat liver. Animals -Male Sprague-Dawley strain rats, weighing about 120-200 g, were fed and kept in the dark between 9 pm and 9 am. Partial hepatectomy was carried out at various times during the daytime but animals were usually sacrificed between 10 am and 2 pm. Female Donryu strain rats, weighing about 130-200 g, were also used in the experiment on inosinic acid dehydrogenase and thymidine kinase. Usually, Sprague-Dawley strain rats entered the S period 4 hr earlier than Donryu strain rats, so that, for comparison of results with the two strains in the late prereplicative period, calibration to the same scale was necessary.
Enzyme Assays-Ornithine decarboxylase activity was measured in the cytosol fraction by radioassay as described in our previous paper (8) . Inosinic acid dehydrogenase activity was determined by the radiochemical assay developed by Sarcoccia & Miech {13). Samples of regenerating liver from two female Donryu strain rats were homogenized together in 0.15M KCl and centrifuged at 37,000 X g for 30 min at 0° The resulting supernatant fraction was used as the sample for radiochemical assay. Thymidine kinase was assayed usingthe supernatant fraction of the liver homogenate obtained by centrifugation at 7,000xp for 30 min. The method used in this experiment was described in detail in our previous paper {14). The intracellular level of cyclic AMP was measured by the method of Gilman (75) as modified by Iwai (16) The reaction was stopped by adding 0.9 ml of a 50% slurry of Dowex 1 resin (Cl~ form, 400 mesh). Then, scintillation solvent was added and the radioactivity was counted in a liquid scintillation spectrometer (Beckman LS-100).
RESULTS
Ornithine Decarboxylase-The induction of ornithine decarboxylase after partial hepatectomy of Sprague-Dawley strain rats is shown in Fig. 1 .
The enzymic activity increased rapidly for 10 hr from soon after 70% removal of the hepatic lobes. Then, the activity decreased for 2 hr, but remained fairly high until 32 hr after the operation. On careful observation in repeated experiments we could not confirm the findings of Holtta and Janne (19) and of Gaza, Short, and Lieberman (20) of a biphasic increase in activity with peaks after 4 hr, and /. Biochem. IMP Dehydrogenase-The increase in IMP dehydrogenase activity in regenerating rat liver is shown in Fig. 2 . The increase began soon after partial hepatectomy but it was greatest 8-12 hr after the operation and then reached a ceiling. This experiment was carried out with Donryu strain rats. In Sprague-Dawley strain rats, the steep rise in enzymic activity would' probably be over after about 10 hr, judging from results on thymidine kinase in the two strains.
Thymidine Kinase-As shown in Fig. 3 , the activity of this enzyme increased about 24 hr after the surgical operation. Previously, we reported (11) , that in Donryu strain rats thymidine kinase activity began to increase about 22 hr after partial hepatectomy. However, when the Sprague-Dawley strain rats were used in the same experiments, thymidine kinase began to increase about 18 hr after partial hepatectomy. This means that the regeneration process is somewhat more rapid in the Sprague-Dawley strain than in the Donryu strain.
In any event, the increase in thymidine phosphorylation does not occur appreciably before the start of DNA replication, because our previous results showed that DNA synthesis increased about 24 hr after partial hepatectomy in Donryu strain rats (11) . Therefore, the increase in thymidine kinase activity may. be a suitable parameter for the end of the Gi period or beginning of the S period.
Intracellular Cyclic AMP Level-A biphasic increase in the cyclic AMP level was found in the remnant lobes after partial hepatectomy, as shown in Fig. 4 . Similar results were reported by MacManus et al. (12) . However, in our case, the peaks occurred after 6 hr and about 22 hr, whereas MacManus et al. (12) reported that the peaks were after 2.5 hr and about 12 hr. They observed that DNA syn- thesis began after 18 hr, which was 6 hr earlier than in our experiments. This rapid synthesis of DNA might enhance the change in the intracellular cyclic. AMP level. However, in spite of this chronological difference, they observed, as in our experiments, that DNA syuthesis occurred several hours after the second peak in the level of intracellular cyclic AMP.
Cyclic AMP Phosphodiesterase-The activity of this enzyme did not show any appreĉ iable change during the first 16 hr after partial hepatectomy. Then, the enzymic activity abruptly decreased from 16-18 hr and remained at a low level for 4 hr, as shown in Fig.  4 . This low level of phosphodiesterase coincides with the period of the second steep rise in intracellular cyclic AMP level. If adenyl cyclase [EC 4. 6.1.1] activity did not change during this period, then it could be assumed that the low phosphodiesterase activity might cause a high level of cyclic AMP in the hepatic cells entering the S period.
DISCUSSION
Partial hepatectomy is known to induce many kinds of enzymes in addition to the enzymes described in this report. However, they are sometimes not dircetly related to the regenera--tive process of the liver. For example, the tryptophan pyrrolase [L-tryptophan: O» 2,3-oxidoreductase (decyclizing), EC 1.13.11.11] and tyrosine-a-ketoglutarate transaminase [Ltyrosine : 2-oxoglutarate aminotransferase, EC 2.6.1. 5] activities increased several fold not only after partial hepatectomy but also after laparatomy (21) . Similarly, partial hepatectomy also causes a lafge rise in the alkaline phosphatase [EC 3.1.3.1] activity in the plasma membrane of the remnant liver cells. However, this rise in alkaline phosphatase activity is not essential for the entry of liver cells into the period of DNA replication because TAGH solution (triiodothyronine, L-amino acids, glucagon, and heparin) supplemented with folate, stimulated DNA synthesis in intact liver almost as much as partial hepatectomy, but did not cause any increase in the activity of the membrane phosphatase (22) . On the contrary, almost identical biphasic rises in ornithine decarboxylase activity and in the intracellular cyclic AMP level were found in liver after 70% hepatectomy and treatment of intact rats with TAGH solution. This suggests that both the increase in ornithine decarboxylase and change in the intracellular level of cyclic AMP are important in the regulation of hepatic DNA replication (12, 20) .
Inosinic acid dehydrogenase is known to be essential for the biosynthesis of guanine nucleotides. The inhibition of this enzyme by several purine analogues (23, 24) leads to the suppression of DNA synthesis. Therefore, the inductions of IMP dehydrogenase and thymidine kinase seem to be essential phenomena in the late.prereplicative period in regenerating liver. Concerning the change in intracellular level of cyclic AMP during cell proliferation, Pastan and his group have suggested a possible inhibitory role for cyclic AMP in the regulation of cell proliferation in fibroblast cultures (25, 26) .
The sudden drop in cyclic AMP level was also observed in the case ,of the recovery of growth in transformed 3T3 cells deprived of serum after the administration of fresh serum (27) . This sudden drop in cyclic AMP followed by DNA synthesis is also inducible by proteases (25) , insulin (28) , and somatomedin (29) . However, it should be noted that the relation-ship between DNA synthesis and the induction of these enzymes as well as cyclic AMP level in regenerating liver is still unclear.
